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Difference ﬂuorescence line-narrowingIn adaption to its speciﬁc environmental conditions, the cyanobacterium Acaryochlorismarina developed two dif-
ferent types of light-harvesting complexes: chlorophyll-d-containing membrane-intrinsic complexes and
phycocyanobilin (PCB) — containing phycobiliprotein (PBP) complexes. The latter complexes are believed to
form a rod-shaped structure comprising threehomo-hexamers of phycocyanin (PC), one hetero-hexamer of phy-
cocyanin and allophycocyanin (APC) and probably a linker protein connecting the PBPs to the reaction centre. Ex-
citation energy transfer and electron-vibrational coupling in PBPs have been investigated by selectively excited
ﬂuorescence spectra. The data reveal a rich spectral substructure with a total of ﬁve low-energy electronic states
with ﬂuorescence bands at 635 nm, 645 nm, 654 nm, 659 nm and a terminal emitter at about 673 nm. The elec-
tronic states at ~635 and 645 nmare tentatively attributed to PC andAPC, respectively,while an apparent hetero-
geneity among PC subunits may also play a role. The other ﬂuorescence bands may be associated with three
different isoforms of the linker protein. Furthermore, a large number of vibrational features can be identiﬁed
for each electronic state with intense phonon sidebands peaking at about 31 to 37 cm−1, which are among the
highest phonon frequencies observed for photosynthetic antenna complexes. The corresponding Huang-Rhys
factors S fall in the range between 0.98 (terminal emitter), 1.15 (APC), and 1.42 (PC). Two characteristic vibronic
lines at about 1580 and 1634 cm−1 appear to reﬂect C\NH+and C\C stretchingmodes of the PCB chromophore,
respectively. The exact phonon and vibrational frequencies varywith electronic state implying that the respective
PCB chromophores are bound to different protein environments. This article is part of a Special Issue entitled:
Photosynthesis Research for Sustainability: Keys to Produce Clean Energy.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Photosynthetic organisms have developed highly specialized anten-
na pigment–protein complexes for efﬁcient light harvesting and excita-
tion energy transfer (EET) [1,2] to reaction centre (RC) complexes,
where primary charge separation and secondary electron transfer take
place. Eventually these processes lead to water oxidation under releaseEET, excitation energy transfer;
scence line-narrowing; FWHM,
tion function; PC, phycocyanin;
cyanobilin; PE, phycoerythrin;
tral hole-burning; ZPL, zero-
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. Irrgang), pieper@ut.eeof oxygen and formation of the energy rich compounds ATP andNADPH
(for a review see Blankenship and Govindjee [3]).
In contrast to other oxygenic photosynthetic organisms, the cyano-
bacterium Acaryochloris marina (A. marina) contains Chlorophyll (Chl)
d as the dominant photosynthetic pigment [4]. The Qy absorption
band of Chl d in organic solvents is shifted to the red by more than
30 nm in comparison with Chl a. This enables A. marina to exploit far
red light above 700 nm in habitats with largely reduced visible light
e.g. underneath a sea squirt [4,5] which contains a thick layer of the
Chl a/b containing prochlorophytes Prochloron didemni [4,5].
The antenna system of A. marina (strain MBIC 11017) comprises the
core light-harvesting complexes CP43/CP47, the membrane internal
Prochlorophyte Chl d binding proteins [6,7] and themembrane external
phycobiliprotein (PBP) complexes [8,9]. As to the latter, PBP complexes
exhibit a broad absorption band around 618 nm at room temperature
enabling them to utilize also the visible light in the “green gap” between
500 nm and 650 nm, which is outside of the main absorption range of
Chls [8,9]. The PBSs are located on the cytoplasmic side of A. marina
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and they are arranged in unique near-crystalline arrays that can occupy
up to 50% of the stromal surface of the thylakoid [11]. In contrast to
other cyanobacteria, PBPs of A. marina (strain MBIC 11017) are orga-
nized in rod-like structures that were suggested to consist of three
hexamers containing phycocyanin (PC) and a further hetero-hexamer
containing PC and allophycocyanin (APC) [8]. From the APC-
containing hetero-hexamer the excitation energy appears to be directly
funnelled to Chl d of PS II [9,12]. Thus, the PBP complexes of A. marina
have a much simpler structure than the phycobilisomes (PBS) in com-
mon Chl a-containing cyanobacteria which consist of an APC-
containing core complex, and usually six rod-like structures formed by
either PC-hexamers or both PC- and phycoerythrin (PE) — hexamers.
(see [13–15] for reviews). The main room-temperature absorption
bands of PE, PC and APC are located at 560–575 nm, 618 nm, and
652 nm, respectively. Thus, the physical arrangement of PBP with the
lowest energy trimer (APC) lying close to the thylakoid membrane is a
prerequisite for efﬁcient downhill EET to the chlorophylls of PS II [13].
Transient absorption experiments with femtosecond (fs) resolution
[16] revealed a complex EET dynamics in the PBP antenna of A .marina.
Upon excitation at 618 nm, fast sub-picosecond EET from ~620 nm to
~630 nm is followed by slower EET to states at ~640 nm and eventually
to the terminal emitter at ~670 nm [16].
In order to achieve a detailed understanding of EET in PBP of
A. marina, the results of time-resolved spectroscopy have to be supple-
mented by investigations of spectral positions and excitonic nature of ex-
cited electronic states as well as of electron-vibrational coupling.
However, due to the amorphous nature of pigment–protein complexes,
such spectral substructures are typically hidden by signiﬁcant inhomo-
geneous broadening even at low temperature (for reviews see Purchase
and Völker [17], Jankowiak et al. [18]). Site-selective spectroscopies like
spectral hole-burning (SHB) [17,18], ﬂuorescence line-narrowing
(FLN), and difference ﬂuorescence line-narrowing (ΔFLN) [19–21] are
efﬁcient experimental tools to circumvent inhomogeneous broadening
and to obtain parameters of homogeneously broadened spectra. Reso-
nant SHB has been used to measure pure dephasing times T2 [22–24]
and excited state lifetimes T1 [25,26]. In addition, constant ﬂuence or ac-
tion spectroscopy reveals the inhomogeneous distribution function (IDF)
of the lowest energy states of a given pigment-protein complex
[22,24,25,27–30]. Information on electron–phonon [31–35] and
electron-vibrational [36,37] coupling can be gathered from non-
resonant vibrational satellite holes. In case of vibrational spectroscopy,
SHB has recently been supplemented by the complementary ΔFLN spec-
troscopy [19–21,38–40]. Brieﬂy, a ΔFLN spectrum is obtained as the dif-
ference between two FLN spectra recorded before and after spectral hole
burning [19–21]. In contrast to “conventional” FLN, this subtraction tech-
nique provides a zero-phonon line (ZPL) virtually free from scattering ar-
tefacts of the excitation laser beam so that electron-phonon as well as
electron-vibrational coupling strengths can be directly determined
[21,39]. SHB has already been applied to investigate cyanobacterial PE
[41], PC [42,43] and APC [42]. However, detailed studies on PBP of
A. marina using site selective spectroscopy are so far lacking.
In the present study, we apply ΔFLN spectroscopy for an investiga-
tion of excited state positions as well as electron–phonon and
electron-vibrational coupling of PBP isolated by sucrose density gradi-
ent fractionation as described in ref. [8] with minor modiﬁcations. The
results obtained provide valuable information for a further understand-
ing of EET in the PBP antenna of A. marina, which are complementary to
those of time-resolved experiments mentioned above.
2. Materials and methods
2.1. Sample preparation
Cells of A. marina (MBIC-11017) were grown in artiﬁcial sea water
containing iron at a concentration of 2 mg/L at 6–10 μE (m2s) asdescribed in Ref. [44]. Phycobiliproteins were isolated and puriﬁed by
density gradient centrifugation using a linear sucrose gradient (15–35%
(w/v) sucrose in 750 mM potassium phosphate buffer, pH 7.2, 2 mM
EDTA, 0.05% (w/v) N,N-Dimethyldodecylamine N-oxide (LDAO)) with
some modiﬁcations as described by Marquardt et al. [8]. Solubilization
of phycobiliproteins was carried out for 40minwith LDAO using a deter-
gent to chlorophyll ratio of 20.6/1 (w/w) at room temperature (ﬁnal
amount of LDAO: 1.5% (w/v)). The samples were centrifuged for 16 h at
41,000 rpm in a VTi 50 rotor at 4 °C. After running, the centrifugation
tubeswere punctured from the bottom. Fractions collectedwere concen-
trated using Centricon 10 tubes at 3000 rpm and characterized by ab-
sorption spectroscopy at room temperature and the calculated second
derivative spectra. Protein compositions were analyzed by SDS-PAGE
[45] in the absence or presence of dithiothreitol. Staining of proteins
was either performed with colloidal Coomassie G 250 or with silver ni-
trate (PAGE silver staining kit, Fermentas GmbH) [46]. Furthermore,
phycobiliproteins were detected in gel after incubation of the polyacryl-
amide gels with ZnSO4 [47]. Fluorescent bands were identiﬁed using a
Luminescent Image Analyzer Las 4000 (Fujiﬁlm). Samples were excited
at 312 nm and emission was detected using an orange ﬁlter at
b605 nm. After in gel digestion of electrophoretically separated proteins
with trypsin phycobiliproteins and phycobilisome linker proteins were
identiﬁed by nano-liquid chromatography (LC)–electrospray ionization
(ESI)–mass spectrometry in combination with genomic sequence data
published by Swingley et al. [48] and Mascot data bank searching (data
not shown). Phycobilin concentrations were calculated using the formu-
lae reported in Rowan [49]. Chl d and Chl a were quantitatively analyzed
in 100%methanol at 696 and 665 nm, respectively following Ritchie [50].
The samples were dissolved in a glass-forming buffer solution containing
0.75 M K2HPO4 and KH2PO4 at pH = 7.0, 2 mM EDTA, and 70% (w/v)
glycerol.
2.2. Experimental setup
Low-temperature absorption measurements were carried out using
a Perkin Elmer Lambda 9 spectrometer and an Oxford Optistat CF-V
cryostat. The setup for hole burning and ﬂuorescence line-narrowing
has been described in ref. [51]. Brieﬂy, a Spectra Physics model 375
dye laser with a linewidth of b0.5 cm−1 pumped by a solid state laser
(Spectra Physics, USA) was used as the burn laser. Transmission and
ﬂuorescence measurements employed a high stability tungsten light
source BPS100 (B&W Tek, USA) and a 0.3 m spectrograph (Shamrock
SR-303i, Andor Technology, UK) combined with an electrically cooled
CCD camera (DV420A-OE, Andor Technology, UK) operated at a resolu-
tion of 0.4 nm. A He-bath cryostat (Utreks, Ukraine) was employed to
control the sample temperature.
2.3. Data analysis
The ΔFLN spectrum in the short burn time limit is widely identical to
the homogeneously broadened ﬂuorescence spectrum [19,20,52] which
for several phonon modes (k) and arbitrary temperature takes the form
[53]
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where Sk is the electron–phonon coupling strength (Huang–Rhys factor),
l1,0 is the one-phonon proﬁle (now often referred to as the spectral den-
sity), andnk ¼ exp ℏωk=kTð Þ−1½ −1 describes the thermal occupation for
phonons of mode k according to Bose statistics and - and + correspond
to absorption and ﬂuorescence, respectively. All transitions with R = 0
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tronic transition energy. The value of R (with R = 1,2,…) denotes the
total number of phonon transitions, while r gives the number of annihi-
lated phonons (0≤ r ≤ R). Therefore, all transitions with R N 0 form the
phonon sideband (PSB). The proﬁle lR,r (R N 1) is obtained by folding the
one-phonon proﬁle l1,0 |R-2r|-times with itself. Here, we employ a one-
phonon proﬁle composed of a Gaussian and a Lorentzian shape at its
low- and high-energy wings, respectively.
3. Results
First we will discuss the non-line-narrowed spectra of PBP com-
plexes of A. marina presented in Fig. 1. The room temperature (293 K)
absorption spectrum of PBP complexes of A. marina (see dashed black
curve in Fig. 1) is widely structure less with a major peak at ~619 nm
and a pronounced shoulder at ~585 nm. At 4.5 K the absorption spec-
trum of PBPs exhibits three discernible peaks at ~574, ~599 and
~629 nm (see black curve in Fig. 1). These peaks agree well with those
observed in previous measurements on PC of common cyanobacteria
[42] and with those of PC from A. marina [9]. Furthermore, the absorp-
tion spectrum exhibits a weak shoulder at ~645 nm and a long tailing
towards longer wavelengths. Despite of a different spectral position
than observed in ref. [42], the shoulder at ~645 nm can most probably
be attributed to APC. Note that in the latter work a small amount of
APCwas present in the PC sample. In the presentwork,we are reporting
on the rod-shaped PBP antenna from A. marina, which contains both, PC
and APC. The spectral features are better visible in the second derivative
of the absorption spectrum shown as a red curve in Fig. 1. Threeminima
are almost coincident with the absorption peaks mentioned above,
while a furtherminimumat 644.5 nmprovides support for the presence
of a corresponding subband. The 4.5 K ﬂuorescence spectrum is shown
as a blue line in Fig. 1 and reveals a major peak at ~645 nm and a pro-
nounced shoulder at ~636 nm. The latter features are also visible as
minima in the corresponding second derivative spectrum (see dashed
blue line in Fig. 1). Tentatively, it can be assumed that the ﬂuorescence
peak at 636 nm originates from the absorption band at 629 nm, while
the ﬂuorescence peak at 645 nm may stem from the absorption band
at 644.5 nm. Because of the strong spectral overlap of the latter two
ﬂuorescence bands, this data set does not allow for a precise assignment
of the ﬂuorescence origin. Nevertheless, a minimum of two emitting
states has to be assumed. The further structure to the red of the two
main ﬂuorescence peaks is more complex. In this region ﬂuorescence
from vibrational satellite bands may be superimposed on emission
from electronic states within the long absorption tail at wavelengthsFig. 1. 4.5 K absorption (black line) and ﬂuorescence (blue line) spectra of PBP in a buffer
solution containing 70% glycerol. The second derivatives of absorption (see right scale)
and ﬂuorescence spectra are shown as red and dashed blue lines, respectively. For com-
parison, the room temperature absorption spectrum is given as a dashed black line. Spec-
tral features are labelled by their peak wavelengths in nanometer. The ﬂuorescence
spectrum was excited at 410 nm.longer than ~650 nm, see below. In summary, however, the low-
temperature absorption and ﬂuorescence spectra are quite featureless
considering the complex structural composition of the PBPs with
about 70 individual pigment molecules [54].
FLN and ΔFLN spectroscopy with several excitation wavelengths
ranging from 635 to 675 nmwas employed to reveal spectral substruc-
tures otherwise hidden within the inhomogeneously broadened ﬂuo-
rescence spectrum. Some preliminary ΔFLN data of PBPs are reported
in ref. [55], however, they are presented as pure raw data without any
further data analysis or coherent interpretation, whatsoever. Here we
present a detailed assessment of the vibrational properties of PBP in-
cluding an assignment of the vibrational modes and a calculation and
veriﬁcation of the electron–phonon coupling strengths of individual
electronic states of PBP. Four representative sets of pre-burn FLN and
ΔFLN spectra of PBPs of A. marina are shown in Figs. 2–5. First, an exci-
tation wavelength of 635 nm was chosen, because it is located within
the lowest absorption band of PC. The pre-burn FLN spectrum obtained
at this excitation wavelength (see Fig. 2) reveals mainly three broad
ﬂuorescence bands at about 645.5, 654 and 673 nm, respectively,
which still appear to be inhomogeneously broadened. In addition, the
spectrum is superimposed with a large number of narrow vibrational
lines. The ZPL located at the excitation wavelength is cut off for clarity
in Fig. 2. As typically encountered in FLN experiments, the ZPL is contam-
inated with scattered laser light. Since the three observed broad ﬂuores-
cence bands have not undergone any line-narrowing, they can most
probably be associatedwith low-energy electronic states, which are pop-
ulated by excitation energy transfer from the excitationwavelength. This
means that the pre- burn FLN has not reached full selectivity.
In contrast, the ΔFLN spectrum obtained as the difference between
FLN spectra excited at 635 nm before and after intermediate hole burn-
ing (see also Fig. 2) reveals more structure than a conventional FLN
spectrum. It is clearly lacking the broad features visible in the FLN spec-
trum and consists mainly of a ZPL located at the excitation wavelength,
a distinct PSB peaking 35 cm−1 to the red of the ZPL and several narrow
vibrational lines indicated by thin arrows in Fig. 2. These features corre-
spond to localized ground state (S1→ S0) vibrational frequencies of the
chromophores absorbing at 635 nm. The individual values of the (S1→
S0) vibrational frequencies obtained within this study are listed in
Table 1. As pointed out in the Introduction section, the ZPL of the
ΔFLN spectrum is virtually free of laser light scatter and can thus beFig. 2. Pre-burn FLN (blue) and ΔFLN spectra (red) of phycobiliproteins obtained with an
excitation wavelength of 635 nm at 4.5 K. The burn ﬂuences applied for FLN and interme-
diate hole burning were 1 and 25 mJ/cm2, respectively. The read resolution was 0.4 nm.
The ZPL of the ΔFLN spectrum are cut off at 60% of their peak intensity for clarity. Broad
ﬂuorescence bands unaffected by line-narrowing are labelled by bold arrows and their
spectral position in wavelengths, distinct vibrational lines are marked by thin arrows
and their frequencies in wavenumbers, see Table 1. The inset shows the structure of a
PCB molecule following ref. [64]. The functional groups responsible for the characteristic
frequencies at ~1580 and 1634 cm−1, respectively, are encircled in red.
Fig. 3. Pre-burn FLN (blue) and ΔFLN spectra (red) of phycobiliproteins obtained with an
excitation wavelength of 645 nm at 4.5 K. The burn ﬂuences applied for FLN and interme-
diate hole burning were 1 and 25 mJ/cm2, respectively. The read resolution was 0.4 nm.
The ZPL of the ΔFLN spectrum are cut off at 25% of their peak intensity for clarity. Broad
ﬂuorescence bands unaffected by line-narrowing are labelled by arrows and their spectral
position in wavelengths, distinct vibrational lines are marked by thin arrows, see Table 1.
Fig. 5. Pre-burn FLN (blue) and ΔFLN spectra (red) of phycobiliproteins obtained with an
excitation wavelength of 675 nm at 4.5 K. The pre-burn FLN spectrum is given an offset of
0.1 for ease of inspection. The burnﬂuences applied for FLN and intermediate hole burning
were 1 and 25 mJ/cm2, respectively. The read resolution was 0.4 nm. The ZPL of the ΔFLN
spectrum are cut off at 13% of their peak intensity for clarity. Distinct vibrational lines are
marked by thin arrows, see Table 1.
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spectrum indicates that it has reached full selectivity and closely resem-
bles the homogeneously broadened ﬂuorescence spectrum at the exci-
tation wavelength of 635 nm.
The pre-burn FLN spectrum obtained within the 645.5 nm-ﬂuores-
cence band (see Fig. 3), which can be attributed to APC (see Discussion),
shows a similar scenario as observed above with two broad ﬂuores-
cence bands at about 654 and 673 nm, respectively, and a large number
of distinct vibrational lines. However, the broad ﬂuorescence band ob-
served above at 645 nm is now lacking due to selective excitation and
is replaced by the ZPL and a broad PSB peaking about 31 cm−1 to the
red of the ZPL. Again, the ΔFLN spectrum obtained at 645 nm (see
Fig. 3) is free of broad features found in the pre-burn FLN spectrum
and comprises a ZPL, a distinct PSB peaking at 31 cm−1 and several dis-
tinct narrow vibrational replicas, which can be associated with the ho-
mogeneously broadened ﬂuorescence spectrum at 645 nm.
The pre-burn FLN and the ΔFLN spectrum obtained at 650 nm (see
Fig. 4) are very similar to the respective spectra described above with
two major exceptions: a) the broad ﬂuorescence band in the pre-burn
FLN spectrum previously seen at 654 nm has shifted to 659 nm, and b)Fig. 4. Pre-burn FLN (blue) and ΔFLN spectra (red) of phycobiliproteins obtained with an
excitation wavelength of 650 nm at 4.5 K. The burn ﬂuences applied for FLN and interme-
diate hole burning were 1 and 25 mJ/cm2, respectively. The read resolution was 0.4 nm.
The ZPL of the ΔFLN spectrum are cut off at 30% of their peak intensity for clarity. Broad
ﬂuorescence bands unaffected by line-narrowing are labelled by arrows and their spectral
position in wavelengths, distinct vibrational lines are marked by thin arrows, see Table 1.bothnon-line-narrowed bands are nowalso visible in theΔFLN spectrum.
Theﬁrst observation canmost probably be explainedby aweak electronic
state at 659 nm, which is hidden by the intense band at 654 nm in the
spectra discussed above. Once the excitation wavelength is tuned to
650 nm and beyond, the 654 nm band should bemainly selectively excit-
ed thus reducing its relative contribution to the overall spectrumandmay
thus reveal theweaker 659nmband. The appearance of bothbroadbands
in theΔFLN spectrum suggests that there is very intense EET from the ex-
citation wavelength to the corresponding electronic states.
Finally, at an excitationwavelength of 675 nm, the pre-burn FLN and
theΔFLN spectra (see Fig. 5) attain a highly similar shapewith a ZPL and
a PSB peaking at 37 cm−1. The disappearance of broad features due to
EET is consistent with associating the 673 nm ﬂuorescence band with
the terminal emitter.
Within the low-ﬂuence limit, a ΔFLN spectrum yields the homoge-
neously broadened ﬂuorescence spectrum so that the Huang–Rhys fac-
tor S for protein phonons can be directly obtained following Eq. (1).
[19,20,52]. The phonon region, i.e. the spectral region dominated by
low-frequency protein vibrations, ofΔFLN spectra measured at ﬂuences
ranging from 1 to 25.2 mJ/cm2 is shown in Fig. 6 for the case of an exci-
tation/burn wavelength of 635 nm. With increasing ﬂuence, there is an
increase of PSB intensity relative to the ZPL intensity concomitant with
an improved signal-to-noise ratio. This increase of PSB intensity is due
to a subsequent saturation of resonant hole burning and mainly of the
ZPL, which leads to an increased contribution of non-resonant hole-
burning favouring PSB contributions. In order to determine the
Huang–Rhys factor S in the low-ﬂuence limit, all spectra shown in
Fig. 6 were ﬁt according to Eq. (1), and the resulting S factors were plot-
ted as a function of ﬂuence in the inset of Fig. 6. It is apparent that the S
factors increase with increasing ﬂuence as suggested by the observed
increase of PSB intensity. At ﬂuences below 5 mJ/cm2, however, the S
factor reaches a rather constant value of ~1.42, which can thus be de-
ﬁned as the low-ﬂuence limit of S. Furthermore, this simulation requires
the assumption of three individual one-phonon proﬁles (for detailed
parameters see Table 2), whose parameters were ﬁxed by ﬁtting the
highest-ﬂuence spectrum exhibiting the best signal-to-noise ratio.
Then, the parameters of the one-phonon proﬁles were ﬁxed and only
the S-factors were varied to ﬁt the remaining lower-ﬂuence spectra.
This type of approach has been repeated for all 13 excitation wave-
lengths between 635 and 675 nm, respectively, used in this study. The
Huang–Rhys factor S and the parameters of the corresponding one-
phonon proﬁles are compiled in Table 2. The wavelength-dependence
of the S-factors is shown in Fig. 7 A along with the pre-burn FLN
Table 1
Comparison of PBP S1→ S0 vibrational frequencies νj in wavenumbers [cm−1] obtained by difference ﬂuorescence line-narrowing spectroscopy at 4.5 K as a function of excitation wave-
length (seeﬁrst line) in thisworkwith those of PCB inphytochrome [64] and those of Chl a inWSCP [65,66]. The columns corresponding to theΔFLN spectra shown in Fig. 9 are highlighted
in grey. Intense Chl a S1→ S0 vibrational frequencies νj not observed for PBP are indicated in bold.
PCB in phytochrome
(Andel et. al. [64])
635 
nm
645
nm
650 
nm
652.8 
nm 
655.3
nm
657.5 
nm
660.2  
nm
662.8 
nm
665.2  
nm
667.7 
nm
670.2
nm
672.8
nm
675 
nm
Chl a–
WSCP
from 
ref. 65,66
vj, cm–1
PSB 34 31 34 36 32 32 33 36 34 37 34 37 35 24
210 204 202
218 234 237 231 240 234 241 235 228
259
272 267 282 283
348 327
356
413 400 402
429 432 434 432 422 429 435
468 469 474 471 468 470 470
493 482 481
509 506 507 508 509 511 513 507 529 509 511 508 520
543 536 547
607 612 608 609
665 664 665 668 665 656
697 700 696 706 702 708 703
762 C–H out of plane 
wagging
modes
723 722 716 725 727 735 730 720 730 729 718
742
801 827 834 838 841 830 826 827 826 856 842 840
873 877 877 876 876 877 874 856 858 855 878 874 874
873 891 902
920
966 966 985
1007 1011 1023 1034 1024 1011 1000 1024
1052 1053 1057 1059 1064 1077 1075 1075 1060 1067
1144
1184
1217
1224 C–H / N–H 
rocking
modes
1246 1240 1245 1249 1249 1249 1243 1249 1248 1254 1242 1241 cm–1 1241 1243
1295 1273 1272 1273 1282 1274 1287 1289 1286 1290 1290 1288 1289 1280 1285
1318 1329
1379 1363 1370 1366 1369 1368 1374 1373 1370 1365 1373 1374 1374 1386 1390
1532
1571 C=NH+ stretching 1584 1583 1589 1589 1588 1595 1596 1594 1590 1591 1601 1606 1591
1634
stretching
1634 1634 1638 1638 1634 1638 1639 1631 1629 1629 1631 1633 1628
1620C19 – C20
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location of the broad ﬂuorescence bands identiﬁed above.
4. Discussion
As recently summarized [54], EET from PC to Chl d in the intact PBP
antenna of A. marina is generally characterized by four kinetic compo-
nents with lifetimes of b400 fs, 3 ps, 14 ps and 70 ps at room tempera-
ture. An assignment of the latter kinetic components was based on the
assumption that the structure of the PBP antenna is similar to one rodof the phycobilisomes in common cyanobacteria. The main difference
is that in PBPs of A. marina the hexamer closest to the thylakoid mem-
brane is a hetero-hexamer consisting of a PC- and a APC-trimer [8].
The fast b400 fs component was then assigned to an EET process from
the α84 to the β84 chromophore within PC trimers of the PBP antenna
[16,54]. This is also in agreementwith previous reports for PC trimers of
other cyanobacteria [56,57]. The 3 ps componentwas found to originate
from the equilibration of the excitation energy between all the PC-
hexamers and the APC-molecules of the PC/APC hetero-hexamer. The
14 ps component is observed in the decay associated spectra of the
Fig. 6. ΔFLN spectra of phycobiliproteins (noisy curves) and their ﬁts according to Eq. (1)
(smooth lines) obtained with an excitation wavelength of 635 nm at 4.5 K at several dif-
ferent burnﬂuences of a) 1, b) 1.2, c) 2, d) 3.2, e) 5.2, f) 10.4, and g) 25 mJ/cm2, respective-
ly. The read resolution was 4 cm−1. The ZPLs of all spectra are cut off for clarity. The inset
shows the total Huang–Rhys factor S as a function of burnﬂuence obtained from ﬁts of the
ﬂuence-dependent ΔFLN spectra (see Table 2 for parameters).
Fig. 7. Frame A:Wavelength-dependence of total Huang–Rhys factor S as given in Table 2.
The pre-burn FLN spectrum (blue) of phycobiliproteins obtainedwith an excitationwave-
length of 635 nm at 4.5 K (see Fig. 2) is given for comparison. Broad ﬂuorescence bands
unaffected by line-narrowing are labelled by bold arrows and their spectral position in
wavelengths. Dashed lines are given as a guide to the eye in order to indicate the wave-
length dependence of S within the 654 and 673 nm-bands. Frame B: Fit of the main ﬂuo-
rescence bands of PBP complexes with a PC and an APC component, where each band is
described according to Eq. (1) convoluted with a Gaussian IDF with a width (FWHM) of
200 cm−1, see text for details.
1495G. Gryliuk et al. / Biochimica et Biophysica Acta 1837 (2014) 1490–1499transient absorption changes as a decay of a bleaching at 640 nm and a
rise of a bleaching at 670nm. Therefore, this componentwas assigned to
an EET from APC absorbing at about 640 nm to a low energy electronic
state associated with the terminal emitter. Our FLN and ΔFLN data pro-
vide complementary information on the low-energy level structure of
PBPs at 4.5 K aswell as on electron–phonon and on electron-vibrational
coupling strengths, which determine the homogeneously broadened
lineshape of the low-energy states of PBPs of the cyanobacteriumTable 2
Huang–Rhys factors and parameters of the one-phonon proﬁles used to ﬁt the 4.2 K ΔFLN spec
highlighted in grey.
Excitation Wavelenght [nm] 635 645 650 652.8 655.3
Stotal 1.42 1.15 1.42 1.22 1.16
Uncertainty ΔS 0.1 0.12 0.14 0.12 0.12
Profile 1
Huang–Rhys factor S 0.156 0.12 0.126 0.139 0.125
Peak phonon frequency 35 28 30 35 35
FWHM of Gaussian wing 20 15 15 20 20
FWHM of Lorentzian wing 20 20 15 20 20
Profile 2
Huang–Rhys factor S 1.22 1 1 1.05 1
Peak phonon frequency 20 20 25 20 20
FWHM of Gaussian wing 25 25 25 25 25
FWHM of Lorentzian wing 160 140 120 160 160
Profile 3
Huang–Rhys factor S 0.043 0.03 0.037 0.031 0.036
Peak phonon frequency 134 115 115 134 134
FWHM of Gaussian wing 20 20 20 20 20
FWHM of Lorentzian wing 60 60 60 60 60
ΓG [cm
–1]
ΓG [cm
–1]
ωm [cm
–1]
ωm [cm
–1]
ΓL [cm
–1]
ΓL [cm
–1]
ΓL [cm
–1]
ΓG [cm
–1]
ωm [cm
–1]A. marina. Although data obtained in time-resolved experiments at
room temperature and results from line-narrowed spectroscopy at
cryogenic temperatures cannot be directly compared, it has beentra of PBP of A. marina. The columns corresponding to theΔFLN spectra shown in Fig. 9 are
657.5 660.2 662.8 665.2 667.7 670.2 672.8 675
1.15 1.09 1.04 1.21 1.035 1.035 0.98 0.86
0.12 0.12 0.14 0.16 0.14 0.14 0.16 0.16
0.12 0.124 0.11 0.122 0.125 0.11 0.102 0.09
35 35 35 35 35 37 37 37
20 20 20 20 20 20 20 20
20 20 20 10 15 10 10 10
1 0.96 0.9 0.9 1.05 0.9 0.85 0.75
20 20 20 20 20 20 20 20
25 25 25 25 25 25 25 25
140 140 160 120 100 90 90 160
0.03 0.0143 0.03 0.026 0.031 0.025 0.025 0.022
134 134 115 115 115 115 115 115
20 20 20 20 20 20 20 20
40 40 60 30 30 20 20 20
Fig. 8. SDS-PAGE of two different samples of PBP preparations labelled by their molecular
mass in kDa according to comigration of marker proteins (left scale). While the bands
around 17 kDa correspond to PBPs, there are three further bands close to a molecular
mass of 39 kDa indicating the presence of an additional group of proteins, see text.
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ics, while the overall features of EET remain intact [58,59].
4.1. Low-energy (ﬂuorescent) states
A minimum of two ﬂuorescent states roughly located at 636 and
645 nm can be deduced from the dual maximum of the non-line-
narrowed ﬂuorescence spectrum of PBP in 70% glycerol at 4.2 K and
its secondderivative shown in Fig. 1. Based on a comparison to literature
data (see Theiss et al. [54] and references therein), the two ﬂuorescence
bands can be tentatively associated with the lowest energy levels of PC
and APC, respectively, while an apparent heterogeneity among PC sub-
units identiﬁed in recent biochemical analyses of PBPs [60] may also
play a role. The position of the lowest energy level of APC at about
645 nm is further corroborated by the presence of a broad ﬂuorescence
band at that position in the pre-burn FLN spectrum excited at 635 nm.
The 645 nm-band is also in good agreement with the absorption maxi-
mum of APC of A. marina at about 640 nm reported by Hu et al. [9]. A
more precise assignment of the two aforementioned low-energy states
requires e.g. constant-ﬂuence hole burning experiments. Such studies
are under way and will be discussed elsewhere.
Assuming a rod-shaped structure of PBPs of three homo-hexamers
of PC and one hetero-hexamer of PC/APC, the above assignment of
two low-energy states to the lowest energy levels of PC andAPC, respec-
tively, appears reasonable. However, it is remarkable, that the series of
pre-burn FLN spectra excited across the complete spectral range of the
non-line-narrowedﬂuorescence spectrumof Fig. 1 reveals the existence
of three further electronic states populated by EET, which are located at
about 654, 659, and 673 nm, respectively. That is, these electronic states
are found lower in energy than the absorption band of APC at about
640 nm [9]. However, in the same study [9] PBP-PS II complexes showed
– among others – one ﬂuorescence band at about 665 nm at 77 K that
was also attributed to APC. Assuming a reasonable Stokes shift in the
order of 1–2 nm (for a review, see ref. [18]), it is likely that the
659 nmband observed here is responsible for the latter 665 nm ﬂuores-
cence (see below for amore precise discussion of the Stokes shift involv-
ing parameters of electron–phonon coupling determined within this
study). At a ﬁrst glance, however, the assignment of the two ﬂuores-
cence bands at 636 nm and 645 nm observed in PBP in 70% glycerol at
4.2 K to the lowest-energy states of PC and APC, respectively, appears
to be in contradiction to previous results of refs. [12] and [61]. In the lat-
ter studies, 77 K decay associated spectra and a room temperature non-
line-narrowed ﬂuorescence spectrum revealed broad ﬂuorescence
bands at 640 and 665 nm that were assigned to PC and APC, respective-
ly. However, it has to be kept inmind that the lattermeasurements can-
not provide the resolution of a spectrally selective technique like FLN
and employed a broad band optical ﬁlter to reject excitation laser light
at 635 nm so that a ﬂuorescence band at this position could not be de-
tected in the latter studies. Therefore, it can be concluded that the
640 nm band of refs. [12] and [61] most likely corresponds to the
644.5 nm band reported on here or to the envelope of both, the 636
and the 644.5 nmbands. Then, the second, rather broad 665 nmﬂuores-
cence band of refs. [12] and [61] would reﬂect the integrated 654, 659,
and 673 nm ﬂuorescence bands resolved by FLN spectroscopy here.
The above assignment of low-energy states is also in qualitative
agreement with recent results of both, fs-absorption spectroscopy [16]
and time-resolved ﬂuorescence spectroscopy [61]. At room tempera-
ture, fs-absorption spectroscopy [16] revealed a fast sub-picosecond
EET from 618 nm to ~630 nm almost coincident with the 629 nm-
absorption band. This step is followed by slower EET to states at
~648 nm in the vicinity of the second ﬂuorescence band at ~645 nm
and eventually to the terminal emitter at ~670 nm, which is roughly co-
incident with broad ﬂuorescence band at 673 nm. Note in this regard
that excitonic states in pigment-protein complexes may exhibit
temperature-dependent spectral shifts in the range of several nanome-
ters [62,63].However, to the best of our knowledge, the ﬂuorescence bands at
654 and 659 nm have not been reported before for PBPs of A. marina.
In summary, this means that our data indicate the presence of a total
of ﬁve different ﬂuorescent states spread over a broad spectral range,
which are located at 635 (PC), 645 nm (APC), 654, 659 and 673 nm in
PBPs at cryogenic temperatures. The observation of ﬁve different ﬂuo-
rescent states indicates that in some of the PBPs in the bulk solution
EET is impaired in preparations containing 70% glycerol. The ﬁnding of
a broad ﬂuorescence band at ~673 nm shows that at least some PBPs
in the bulk solution remain intact and exhibit EET to the terminal emit-
ter, which is as far as ~30 nm to the red of themajor ﬂuorescence bands
at 635 and 643 nm. The observation of the four otherﬂuorescence bands
suggests that EET is impaired in subsets of the PBPs under study. This
ﬁnding is in linewith results of time-resolved ﬂuorescence experiments
on PBP in glycerol revealing an interrupted EET to the terminal emitter
at ~670 nm, which was attributed to a partial dissection of the PC and
APC subunits of PBP [61]. This means in more detail, that some of the
rod-shaped PBPs terminate with PC, some with APC, while at least
three further types of PBPs with different emitting states have to be in-
ferred when searching for a structural assignment of the three lowest
energy electronic states observed within this study.
The only further structural unit present in PBPs is the linker protein.
However, it is impossible to associate all three remaining low-energy
stateswith a single protein complex, because a dissection into the struc-
tural components would not lead to three terminal states within one
and the same constituent of the PBP rod, which are spectrally widely
separated and should thus still be connected via EET. This situation is
clearly different from the observation of two quasi-resonant low-
energy states within one and the same complex in case of CP43 [29].
In this context, it is interesting to note that recent biochemical analyses
of similar PBPpreparations as studiedhere by S. Hildebrandt [60] has re-
vealed the possible presence of three different forms of linker proteins
with molecular masses of approximately 32, 35 and 38 kDa, respective-
ly. These putative types of linker proteins are visible as distinct bands in
SDS polyacrylamide gels using the method reported by Raps (see Fig. 8
and refs. [47] and [60]) and at least one of themhas been unambiguous-
ly identiﬁed by partial sequence analysis after in gel digestionwith tryp-
sin by nano-LC–ESI–MS/MS (Uniprot code: A8ZMJ1, see refs. [48] and
[60]). It is reasonable to assume that PCB molecules bound to these
three different forms of coloured linker proteins may exhibit different
absorption maxima due to a different protein microenvironment. Fur-
thermore it should be mentioned that at least two different types of
the α-subunit and at least two different types of the ß-subunit of PC
were detected and related to the respective gene sequences (Uniprot
code: A8ZMJ1, see ref. [60]), while APC could not be identiﬁed by
mass spectrometric analysis. In summary, it appears that heterogeneity
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observed ﬁve low-energy ﬂuorescence bands of PBP, while a precise
structural assignment of the latter bands requires further studies on iso-
lated components.
4.2. Electron-vibrational coupling
The ΔFLN spectra of A. marina obtained in this study reveal a rich vi-
brational structure, which is characteristic of the pigment molecules
bound by PBPs (see Figs. 2–5 and Table 1). The obtained frequencies
were compared with the resonance Raman spectra of phycocyanobilin
(PCB) in recombinant phytochrome (Table 1), i.e. the same chromo-
phore but embedded into a different protein matrix [64]. In the range
of H-out-of-plane-wagging modes (~800 cm−1) and N\H\and C\H-
rocking modes (~1300 cm−1), there is only a qualitative agreement of
the observed vibrational frequencies, which is most probably due to
the different protein environment in PBP complexes. In particular,
PBPs exhibit vibronic bands at 723 and 834 cm−1, respectively, in the
region of H-out-of-plane wagging modes. PBPs also show vibronic
bands at 1246, 1273 and 1363 cm−1, respectively, in the region of
N\H and C\H rocking modes. Two intense modes are observed at
~1634 and ~1580 cm−1, respectively, which are characteristic of the
PCB pigment. The mode at 1580 cm−1 corresponds to a CNH+
stretching motion (see inset of Fig. 2) [64]. The vibronic band at
1634 cm−1 represents a C19–C20 stretching mode (see inset of Fig. 2)
[64]. The vibronic structure of PBPs obtained at different excitation
wavelengths is compared in Fig. 9. Overall, the vibrational frequencies
obtained at different excitation wavelengths are rather similar (see
Table 1 and Fig. 9). The excitation wavelengths of the ΔFLN spectra
shown in Fig. 9 do roughly correspond to the peak wavelengths of
four of the above identiﬁed electronic states. Some of the PBP vibration-
al modes appear to be slightly shifted depending on excitation wave-
length indicating that the particular protein environment of individual
pigment molecules may tune the vibrational frequencies. Nevertheless,
the ﬁnding of rather similar vibronic modes for all identiﬁed electronic
states suggests that the same type of pigment molecule, i.e. PCB, is re-
sponsible for the ﬁve ﬂuorescent electronic states assigned above.
The S1→ S0 vibrational frequencies of PBP obtained here are com-
pared with those of Chl a-WSCP [65,66] in Table 1 and in Fig. 9. A com-
parison of the data reveals that several intense characteristic modes of
Chl a, e.g. 742, 1184, 1217, 1329, and 1532 cm−1 [65,66], are missing
in the PBP spectra so that the PBPs under study should be virtually
free of Chl a. Regardless of this ﬁnding, a few PBP modes listed in
Table 1 do also appear in the Chl a spectra. This is probably related to
similar structural motifs. Both, Chl a and PCB, are tetrapyrrolemoleculesFig. 9. Vibronic region of PBP ΔFLN spectra obtained with excitation wavelengths of 635,
645, 652.8, and 672.8 nm applying a burn ﬂuence of 25 mJ/cm2 at 4.5 K. The ZPLs of
both spectra are cut off at 60% of their peak intensity for clarity. Distinct vibrational lines
are marked by thin arrows and their frequencies in wavenumbers, see Table 1.with the latter being a linear chain of four pyrrol ringswith a largerﬂex-
ibility than the planar Chl molecule. Vibrations in the 200–600 cm−1
range are typically associatedwith a variety of collective vibrationalmo-
tions of the tetrapyrrole backbone of Chl, while frequencies higher than
1000 cm−1 mainly represent motions of individual molecular groups
like e.g. the C_O stretching mode typically found in the range of
~1700 cm−1 [67]. Thus, the observation of similar vibrational frequencies
may suggest that the lower-frequencymodes in the 200–600 cm−1 range
are restricted to collective motions within individual pyrrol rings. In
addition, there are two Chl a frequencies at ~1591 and 1620 cm−1
[65,66], respectively, which are very close to the two characteristic
modes of PCB discussed above. Nevertheless, a close inspection of Fig. 9
reveals that the vibronic structures observed for PBPs and for Chl a are es-
sentially different so that it appears reasonable to attribute the observed
low-energy states in PBP to PCB molecules.
4.3. Electron–phonon coupling
ΔFLN spectra were measured at several wavelengths within the
ﬂuorescence origin bands ranging from ~ 635 up to 675 nm. All identi-
ﬁed electronic states at 635 (PC), 645 (APC), 654, 659, and 673 nm, re-
spectively, are characterized by different S-factors and – in part – by
different mean phonon frequencies and/or one phonon proﬁles charac-
terizing the individual pigment-protein interaction and the speciﬁc pro-
tein environment, respectively, see Table 2. The observed S-factors fall
in the range from S = 0.89 (terminal emitter) to S = 1.42 (PC) consis-
tentwithmoderate electron–phonon coupling. The phonon frequencies
ωm vary from 31 cm−1 (645 nm, APC) to 37 cm−1 (672.8 nm, terminal
emitter) and are thus among the highest peak frequencies reported for
protein phonons in the literature (see Table 3 for a comparison). Both,
the moderate to large electron–phonon coupling strengths S and the
relatively high phonon frequencies obtained for PBP should lead to rel-
atively large Stokes-shifts 2Sωm or reorganization energies Sωm, where
the latter represents the shift between the ﬂuorescence bands observed
here and the corresponding 0–0-transitions. However, it has to be kept
in mind that the above approximations may overestimate the real
values especially in cases of broad and asymmetric one-phonon proﬁles
as observed for PBPs in this study. Based on the values summarized in
Table 2, the reorganization energies Sωm should reach upper limits of
49 cm−1 (~2 nm) for PC (635 nm) and 32 cm−1 (~1.5 nm) for APC
(645 nm). The latter value for APC is too small to assign a ﬂuorescence
band at 665 nm [9,12,61] to an absorption band at about 640 nm [9]
or 644.5 nm (this study). In order to verify the parameters of elec-
tron–phonon coupling determined above, we have calculated the
main ﬂuorescence band of PBP complexes peaking at about 645 nm
(see Fig. 1) assuming two bands corresponding to PC and APC, respec-
tively, where each band is described by Eq. (1) convolutedwith a Gauss-
ian IDF with a width (FWHM) of 200 cm−1 and the S-factors and one-
phonon proﬁles determined for 635nm(PC) and 645nm(APC), respec-
tively (see Table 2). The spectral positions of the electronic 0–0 transi-
tions were treated as free parameters. The resulting ﬁt shown in
Frame B of Fig. 7 has a reasonable agreement with the measured spec-
trumand reproduces its peak position. The peakpositions of theﬂuores-
cence bands are ~637 nm (PC) and ~645.5 nm (APC), where the latter is
in very good agreement with the broad band observed in the pre-burn
FLN spectrum excited at 635 nm (see Fig. 2). The resulting peak posi-
tions of the corresponding electronic 0–0 transitions are ~635.1 nm
(PC) and ~644.5 nm (APC) coincident with the respective shoulder in
the 4.5 K absorption spectrum. Thus, the observed displacements are
1.9 and 1.0 nm for PC and APC, respectively, which is in general agree-
ment with the reorganization energies mentioned above. As theoreti-
cally expected, the larger S-factor and larger mean phonon frequency
determined for PC leads to larger reorganization energy. Furthermore,
the reorganization energy determined for APC appears to be in good
agreement with the observed peak positions of APC in absorption and
ﬂuorescence/FLN. Nevertheless, an accurate assignment of the
Table 3
Meanphonon frequenciesωm and one-phonon proﬁles l1 obtained for different photosynthetic pigment–protein complexes assuming a Gaussian and Lorentzian lineshape at the low- and
high-energy side of the mean phonon frequency ωm.
Complex Mean phonon frequency
ωm, cm−1
FWHM of the Gaussian
wing of the one-phonon
proﬁle
l1, cm−1
FWHM of the Lorentzian wing
of the one-phonon proﬁle
l1, cm−1
Reference
PBP of A. marina 31–37 25 90–160 This study
FMO from green sulphur bacteria 21 21 56 Rätsep and Freiberg [21]
LH1 from Rb. sphaeroides 26 26 130 Freiberg et al. [69]
B850 band of LH2 from Rb. sphaeroides 28 28 80 Freiberg et al. [69]
CP29 22 20 130 Rätsep et al. [39]
LHC II trimer 18 16 160 Pieper et al. [70]
Chl a dimers in WSCP1 24 Pieper et al. [65]
1 A proper description of the highly structured PSB of WSCP delta-FLN spectra required the assumption of three individual one-phonon proﬁles, Pieper et al. [65] for details.
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inhomogeneously broadened 0–0 transition proﬁles by constantﬂuence
hole-burning spectroscopy. Such experiments are in progress.
It is known that the linear electron–phonon coupling strength Smay
strongly vary with excitation wavelength across the inhomogeneously
broadened absorption band. An almost linear increase of Swith increas-
ing excitation wavelength has been reported e.g. for isolated Chl a [51]
and Bchl a [68] molecules as well as for the antenna complexes CP29
of green plants [39], LH1 and LH2 [69] suggesting a strong correlation
between the electron–phonon coupling strength and the solvent shift.
However, the opposite tendency, i.e. a decrease of S with increasing ex-
citation wavelength has also been reported for some pigment-protein
complexes such as FMO [21] and WSCP [65]. The latter dependence
was attributed to efﬁcient energy transfer from a higher excitonic
state overlapping the ﬂuorescent state at the blue side of the
inhomogeneously broadened ﬂuorescence band. The wavelength-
dependence of the S-factors determined for PBP is plotted along with
the pre-burn FLN spectrum excited at 635 nm in Fig. 7 A. S-factors of
1.42 and 1.15 were obtained at 635 and 645 nm corresponding to the
ﬂuorescence bands of PC and APC, respectively, see above. Thus, only
one S-factor is available characterizing the electron–phonon coupling
strength for these two low-energy states. For the two ﬂuorescence
bands at 654 and 673 nm, however, the S-factor seems to become small-
er with increasing wavelength as observed before for the FMO complex
and WSCP. This effect may be an intrinsic feature of the 654 and
673 nm-ﬂuorescence bands. In case of the 654 nm-band, however, it
is possible that this dependence originates fromoverlapwith the closely
spaced 659 nm-band (visible in Fig. 4) assuming different S-factors for
those bands. On the other hand, it cannot be ruled out that there is
only an apparent increase of S at the blue side of both bands due to ef-
ﬁcient EET from overlapping higher energy states as inferred for WSCP
[65].
5. Conclusion
High-resolution, spectrally selective FLN and ΔFLN spectroscopy has
been employed to study excitation energy transfer, electron–phonon,
and electron-vibrational coupling in PBPs of A. marina at 4.5 K. A total
of ﬁve low-energy electronic states with ﬂuorescence bands located at
~635 nm (PC), 645 nm (APC), 654 nm, 659 nm and a terminal emitter
at about 673 nm can be resolved within the structure less red tail of
the absorption spectrum of PBPs. The spectral heterogeneity can be as-
sociated with isoforms of the PC subunits and/or three different iso-
forms of the linker protein having apparent molecular weights of 32,
35 and 38 kDa. However, further experiments on isolated subunits are
necessary to verify this conclusion. The electron–phonon coupling pa-
rameters are found to vary signiﬁcantly with electronic state, thus
reﬂecting the different protein environments of the respective pigment
molecules. PBPs exhibit remarkably high mean phonon frequencies up
to 37 cm−1 and moderate to large Huang–Rhys factor S between 0.98
(terminal emitter), 1.15 (APC), and 1.42 (PC). Two characteristicvibronic lines of C–NH+ and C–C stretching modes, respectively, indi-
cate that all electronic states observed are due to PCB chromophores.Acknowledgement
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